The sodium nutrition of cotton (Gossypium hirsutumn L.) was investigated. Plants were grown in purified nutrient solutions within a chamber designed to minimize sodium contamination. Three nutrient solutions were employed that contained in microequivalents/liter: (a) 0.17 Na, (b) 43.5 Na and (c) 0.75 Cs, 14.41 Li, and 1.17 Rb. All solutions had adequate potassium. Total free amino acids were increased by sodium. Leaves from plants grown in the high sodium solution contained significantly more free asparagine, arginine, and methionine than leaves from plants of the other treatments. The other alkali metals had little or no effect on concentrations of the free amino acids. An unknown was tentatively identified as argininosuccinic acid.
0.75 Cs, 14.41 Li, and 1.17 Rb. All solutions had adequate potassium. Total free amino acids were increased by sodium. Leaves from plants grown in the high sodium solution contained significantly more free asparagine, arginine, and methionine than leaves from plants of the other treatments. The other alkali metals had little or no effect on concentrations of the free amino acids. An unknown was tentatively identified as argininosuccinic acid.
Allen and Arnon (1) established the essentiality of sodium in the nutrition of the blue-green alga, Anabaena cylindrica. Later, sodium was shown to be essential for the angiosperm Atriplex vesicaria (2, 5) .
Brownell and Jackman (3) demonstrated that the rate of anaerobic carbon dioxide production increased in the leaves of Atriplex nummularia when sodium was supplied, and they suggested that sodium might have an effect in the glycolytic sequence. In later work, Brownell and Nicholas (4) found sodium to influence nitrate reductase activity in Anabaena cylindrica. In this study we examined the effects of low substrate sodium levels upon the free amino acid content of cotton leaves.
MATERIALS AND METHODS

PURIFICATION OF WATER AND NUTRIENT SALTS
Water used throughout this experiment was purified by distillation followed by deionization through two Barnstead mixed-bed demineralizer cartridges. It was then stored in polyethylene vessels and contained less than 0.078 1-eq/liter (1.8 ng/g) Na. All containers and utensils used prior to final Na determinations were washed with polyethylene distilled 10% (v/v) HCl and rinsed repeatedly with distilled, doubly deionized water.
Major nutrient salts were purified by recrystallization. Nutrient solutions were analyzed for Na content at least twice weekly, and were changed weekly or as necessary to prevent the Na concentration of the -Na and +SAM solutions from exceeding 0.44 1/eq/liter (10 ng/g).
GROWTH CHAMB3ER
The primary requirement for a growth chamber was that the facility provide a dust-free environment for plant growth. The chamber was located in the greenhouse. The design selected and used was a large wooden box covered on three sides by two layers of clear polyvinyl chloride. All inner wood surfaces were impregnated with plastic spray and coated with mineral oil.
Air circulation was provided by a rheostat-controlled fan mounted in a metal plenum chamber attached to one end of the growth chamber. This air source was used to maintain a constant positive pressure within the growth chamber. Air entering the chamber passed through a distilled, deionized water compartments.
Air for aeration of the nutrient solutions was filtered through two 12.5-cm plugs of acid-washed cotton and four distilled, doubly deionized water washes (changed daily). A polyethylene aerator was present in each culture vessel to break the air flow into small bubbles. Arm-length rubber gloves were installed in each side of the chamber to allow manipulation of the plants without opening the chamber.
Initially, due to low light intensity, a bank of eight 40-w cool white fluorescent lights was used on the side of the chamber away from the sun. This was continued for 2 months. The chamber was rotated 180' every other day throughout the experiment to minimize light differences.
CULTURAL METHODS
Delinted cotton seed (Gossypium hirsutum var. Stoneville 2B-S9) were hulled and washed in 10% (v/v) HCl for 30 sec, then rinsed repeatedly in water. Seed given this treatment contained half the Na content found in acid washed intact seeds (1.2 X 10' ,ueq Na/mg seed). Seeds were germinated on cheesecloth platforms in sterile polypropylene beakers covered with Saran wrap. They were provided with nutrient solution and placed in the dark at 30 C for 5 days. At the end of this period, the nutrient solution was removed, the container was washed briefly, and fresh solution was added. The germination vessels were placed under cool white fluorescent lights for 5 days. The seedlings were then transferred to solution culture containers in the growth chamber, and treatments were begun.
A total of nine 8-liter polyethylene nutrient solution containers were used in this experiment. Three containers were used per treatment; each container supported three plants (i.e., nine plants per treatment). The exterior of the containers were painted black and coated with aluminum foil to prevent light penetration. Seedlings were initially supported by rinsed cotton plugs and later by clamps on ring stands. Plastic tubing was attached to the base of each solution container. This tubing passed through the growth chamber wall and provided a means by which the solutions were changed without opening the chamber.
ANALYTICAI, PROCEDURES
Harvests. Harvests were performed 59, 94, and 162 days after the treatments started. The harvests were conducted at night to minimize Na contamination from perspiration and dust. Individual plants were removed from each culture vessel and fractionated into roots, stem plus petioles, leaf blades, and fruiting structures. Stems and roots were cut into small fragments. Plant fractions were weighed, rinsed, and placed in galvanized containers lined with polyethylene. The containers were placed in an oven at 120 C for 30 min and then allowed to remain at 70 C until a constant weight was observed. Dried samples for Na analysis were crushed by hand in plastic bags. The remaining dried plant materials were ground in a Wiley mill to pass a 40-mesh screen prior to further analyses.
Low Level Sodium Analyses. Two-gram samples of dried plant tissue were utilized when available. Samples were weighed into nickel crucibles and ashed at 225 C for 4 hr and then ashed overnight at 550 C. The ash was dissolved in purified dilute HCI, and the crucibles were rinsed with four 20-ml aliquots of warm water. The dissolved sample was collected in a polyethylene beaker and filtered into 100-ml Pyrex volumetric flasks, the only glassware used prior to Na determinations. The solutions were then brought to volume and immediately transterred to polyethylene bottles.
Determinations were performed with a modified Beckman Model DU flame spectrophotometer at a wavelength of 589 nm. Medical grade oxygen from new tanks and filtered acetylene were utilized.
In the analysis of low concentrations of Na, a large portion of the light emitted at 589 nm is background radiation. The portion of the spectrum in the vicinity of the Na peak was scanned and readings were made at 586 and 592 nm. These readings were averaged, and the resulting mean was assumed to represent the light due to background radiation at 589 nm. Transmittance due to background radiation was then subtracted from readings taken for Na at 589 nm. Background radiation was found to be highly dependent upon the nature of the solution being analyzed. A 1% (v/v) purified HCl solution was used as a reagent blank in plant tissue analyses.
Amino Acid Analyses. Free amino acid determinations were made on dried leaf tissue from plants of the 94 and 162 day harvests. Ground-leaf tissue samples (500 mg) were weighed into centrifuge tubes, and 25 ml of warm water was added to each tube. The tubes were stoppered and shaken in the cold room for 12 hr. The contents were then filtered, and the residue was washed with two 25-ml aliquots of warm water. The filtrate was transferred quantitatively to a rotary evaporator and evaporated to approximately 5 ml. Samples were brought to a 25-ml volume and transferred to 250-ml centrifuge bottles. Deproteinization was accomplished by add- Each figure is the mean of three replications. 2 Within plant fraction and treatment period, means followed by the same letter do not differ significantly at P = 0.05. ing 25 ml of 1% picric acid and centrifuging at 12,500g for 10 min. The supernatant was then passed through a 3 X 0.9 cm Dowex 2X-10 resin column followed by five 3-ml aliquots of 0.02 N HCl. The plants of the various treatments until the final harvest. Plants in the -Na treatment flowered more rapidly and produced more flowers than the other two treatments, but differences were not significant (Fig. 1) . No differences in fresh or dry weights of the plant tractions could be attributed to Na treatments. The +SAM treatment was associated with a significant reduction in dry weight at the final harvest, suggesting toxic accumulation of one or more of the substitute alkali metals (Table I ). In Whitenberg's study (7) , cotton plants grown in his high Na solution had more vegetative growth and were significantly heavier than the low Na plants. However, the high Na treatment in his research received an additional 2 meq/liter Na, which was 46 times the amount of Na added during the first 117 days of this experiment. The upper concentration limit employed in the current experiment was apparently not high enough to cause a significant increase in vegetative growth.
Symptoms of Na deficiency, such as those observed by Brownell (2) in his research with Atriplex vesicaria, were not observed. Some contamination of solutions did occur, particularly during the first few days of treatment. The Na concentration of the low Na solutions slowly increased, but were replaced before they attained a concentration of 0.435 ,ueq/liter (10 ng/g). Considering the amount of Na present in the seeds and in the solution we were able to account for most of the Na present in harvested plants.
Sodium Content of Tissue. Sodium concentrations (Table  II) were higher in the +Na plant fractions than in similar fractions from +SAM or -Na plants. The Na concentrations of leaf, stem, and root tissue of +SAM cotton plants approximated the Na concentrations found in the same fractions from -Na plants. Analyses following 94 days of treatment revealed that the root tissue of +Na plants contained significantly more Na than the same fraction from the other two treatments. The Na content of +Na stem tissue was significantly greater than the Na content of the +SAM or -Na cotton stems following 162 days of treatment.
The Na content of seeds produced by +Na plants in meq/ 100 g dry tissue was 0.157, compared to 0.044 and 0.054 for -Na and +SAM plants; almost three times the concentration found in seeds produced by the +SAM and -Na cotton plants. This difference was significant.
Sodium levels increased in the roots and stems of the +Na plants, but the different treatments had no effect on the Na content of the leaf blades. Thus, the increased Na absorbed from the +Na solution was retained in the roots and stems and little or no additional translocation of Na to the leaves occurred under these conditions. It might be that Na is not readily translocated to leaves unless "accumulation" sites in the roots and stems are saturated. This restriction does not seem to apply to the movement of Na to the seed.
Free Amino Acid Concentrations. When the plants were 94 days old, the free methionine concentration was significantly higher in leaf blades of +Na plants (Table III) At the third harvest (162 days), free asparagine and arginine concentrations were significantly greater in the +Na blades than in the +SAM or -Na leaf blades (Table IV) . As in the previous harvest, the concentration of unknown 300 again had an inverse relationship to free asparagine and arginine and was significantly greater in the leaf blade fractions from +SAM and -Na plants than in the blades of the +Na plants. A negative correlation was found between the concentration of unknown 300 and the concentration of arginine upon examination of correlation coefficients.
Various ninhydrin positive compounds were analyzed to determine their respective retention times under the same conditions employed throughout these analyses. The retention time of argininosuccinic acid (305 min) when chromatographed alone was very similar to that of the unknown (300 min). Additions of argininosuccinic acid to the previously prepared samples formed a single peak with that of the unknown 300 peak and quantitatively increased the size of the peak, suggesting that the two compounds are identical.
The free methionine content was highest in the +Na leaf fraction, as were several other amino acids, but the differences between treatments were not significant. In the third harvest, the total free amino acid content of +Na leaves (79.5 ,umoles/ g dry wt) was higher than that of the +SAM leaves (30. 5 ,umoles/g dry wt) or the -Na leaves (46.6 ,tmoles/g dry wt).
The level of substrate Na appeared to have a great effect upon several free amino acid pools, particularly asparagine, arginine, methionine, and unknown 300, tentatively identified as argininosuccinic acid. This data would suggest that sodium might have roles in the synthesis of these amino acids in the cotton plant. The treatments had no effect on the concentration of the total and 80% (v/v) ethanol insoluble nitrogen fractions. Apparently the effect observed upon free amino acids was not due to a change in the amount of protein synthesized. although qualitative effects on protein synthesis cannot be excluded.
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